In the mammalian cerebral cortex, the developmental events governing the integration of excitatory projection neurons and inhibitory interneurons into balanced local circuitry are poorly understood. We report that different subtypes of projection neurons uniquely and differentially determine the laminar distribution of cortical interneurons. We find that in Fezf2 À/À cortex, the exclusive absence of subcerebral projection neurons and their replacement by callosal projection neurons cause distinctly abnormal lamination of interneurons and altered GABAergic inhibition. In addition, experimental generation of either corticofugal neurons or callosal neurons below the cortex is sufficient to recruit cortical interneurons to these ectopic locations. Strikingly, the identity of the projection neurons generated, rather than strictly their birthdate, determines the specific types of interneurons recruited. These data demonstrate that in the neocortex individual populations of projection neurons cell-extrinsically control the laminar fate of interneurons and the assembly of local inhibitory circuitry.
INTRODUCTION
High-level cortical function including cognition, sensory perception, and motor function relies on the coordinated assembly of local microcircuitry between glutamatergic projection neurons and GABAergic interneurons (Hensch, 2005) . Excitatory projection neurons represent the largest portion of all cortical neurons. They are born from neural progenitors in the dorsal telencephalon and are classified into numerous subtypes based on their location within different cortical layers and areas; their axonal projections to distinct intracortical, subcortical, and subcerebral targets; and the combinatorial expression of different neuron type-specific genes (Bayer and Altman, 1991; Molyneaux et al., 2007) . Among them, corticofugal projection neurons include corticothalamic projection neurons, which are found in layer VI and project to the thalamus, as well as corticospinal motor neurons (CSMN) and several other types of subcerebral projection neurons, which are located in different areas of layer V and project to the spinal cord, the superior culliculus, and other targets in the brainstem and below the brain (Molyneaux et al., 2007) . In addition, the cortex includes several types of callosal projection neurons (CPN), which are primarily located in layers II/III and V and connect to targets in the contralateral hemisphere, the striatum, and the frontal cortex (Lindwall et al., 2007; Mitchell and Macklis, 2005; Molyneaux et al., 2009; Richards et al., 2004) .
The firing activity of these projection neuron types is modulated locally by GABAergic inhibitory interneurons. Cortical interneurons are defined at the intersection of diverse molecular, electrophysiological, and morphological properties and based on their connections to the soma, axonal initial segment, or dendritic tree of their projection neuron partners (Ascoli et al., 2008; Markram et al., 2004) . However, the classification of cortical interneurons remains an open challenge (Ascoli et al., 2008) . Contrary to projection neurons, in rodents, cortical interneurons are mostly generated from neural progenitors located in the medial and caudal ganglionic eminences (MGE and CGE) and in the preoptic area (POA) (Gelman et al., 2009; Wonders and Anderson, 2006) . MGE progenitors give rise to parvalbumin (PV) and somatostatin (SST) interneurons, which distribute at higher densities in deep cortical layers (Butt et al., 2005 (Butt et al., , 2008 Cobos et al., 2006; Fogarty et al., 2007) . In contrast, vasoactive intestinal peptide (VIP) and calretinin (CR) interneurons originate in the CGE and preferentially populate the superficial layers II/III (Miyoshi et al., 2007 Nery et al., 2002; Xu et al., 2004) .
Projection neurons and interneurons are born from distal germinal zones, but they ultimately coexist in the cortex, where they assemble into local microcircuitry. This requires coordinated migration and development of these two broad neuronal populations. The migration of interneurons to the cortex is particularly extensive (Corbin et al., 2001; Marín and Rubenstein, 2001 ). Following tangential migration through the ventral forebrain, interneurons enter the cortex where they disperse along migratory routes in the marginal zone (MZ) and the intermediate zone (IZ)/subventricular zone (SVZ) (Kriegstein and Noctor, 2004; Lavdas et al., 1999) . Later, they radially invade the cortical plate (Ang et al., 2003; Polleux et al., 2002; Tanaka et al., 2003) , a process that is at least in part timed by CXCL12/CXCR4 and CXCR7 signaling (Elias et al., 2008; Li et al., 2008; Liapi et al., 2008; Ló pez-Bendito et al., 2008; Sá nchez-Alcañ iz et al., 2011; Tanaka et al., 2010; Tiveron et al., 2006) .
The cellular and molecular events that direct interneurons to position precisely within specific cortical layers are poorly understood. Correct cell-autonomous development of cortical interneurons is a critical factor for the radial positioning of GABAergic interneurons, since defective laminar distribution is often observed in mutant mice that have abnormal interneuronal differentiation (Alifragis et al., 2004; Azim et al., 2009; BatistaBrito et al., 2009; Butt et al., 2008; Cobos et al., 2006; Liodis et al., 2007; Wang et al., 2010) . In addition, interneurons are cell-intrinsically programmed to modulate expression of the KCC2 cotransporter in order to sense extracellular GABA levels and arrest radial migration (Bortone and Polleux, 2009; .
However, several lines of evidence indicate that the environment of the cortex also plays instructive roles in directing interneuron cortical distribution, pointing at a possible involvement of projection neurons. For example, synchronically generated GABAergic interneurons and projection neurons preferentially pair, suggesting linked mechanisms of layer distribution (Fairé n et al., 1986; Miller, 1985; Peduzzi, 1988; Pla et al., 2006; Valcanis and Tan, 2003) . Additionally, interneurons invade the cortical plate only after their projection neuron partners, possibly reflecting a need for signals from appropriately located projection neurons (Ló pez-Bendito et al., 2008) . Finally, interneurons distribute abnormally in the cortex of the reeler mice, in which projection neuron lamination is nearly inverted (Hammond et al., 2006; Hevner et al., 2004; Pla et al., 2006; Yabut et al., 2007) .
Here, we demonstrate that projection neurons are required for the laminar distribution of interneurons and, further, that distinct subtypes of projection neurons provide different interneuron populations with specific positional information.
Fezf2 is a critical transcription factor for forebrain development in several species (Molyneaux et al., 2007; Shimizu and Hibi, 2009) . In mice, loss of Fezf2 results in the exclusive absence from the cortex of subcerebral projection neurons, which are replaced by another population of excitatory neurons: callosal projection neurons (Chen et al., 2005a (Chen et al., , 2005b (Chen et al., , 2008 Molyneaux et al., 2005) . We find that GABAergic interneurons distribute abnormally in the Fezf2 À/À cortex and that Fezf2 À/À mice display aberrant cortical activity due to defective GABAergic inhibition. The defect is projection neuron type-specific, since the generation of CPN in place of the missing subcerebral projection neurons cannot compensate for the interneuron abnormalities.
Different types of projection neurons can affect interneuron positioning, as demonstrated by the ectopic presence of cortical interneurons within clusters of either corticofugal projection neurons or layer II/III CPN that are experimentally generated in proximity to the cortex. Interestingly, the types of interneurons recruited are appropriate for the subtype-specific identity of the projection neurons, rather than strictly their day of birth.
We conclude that in the neocortex, individual types of projection neurons play critical roles in governing the radial distribution of GABAergic interneurons, a process that is critically important for the development of balanced cortical circuitry.
RESULTS

Subcerebral Projection Neurons Are Absent from the Cortex of Fezf2
-/-Mice and Are Substituted by Deep-Layer Callosal Projection Neurons Loss of the transcription factor Fezf2 results in the absence from the cortex of all subcerebral projection neurons, which fail to develop while other projection neuron types across all cortical layers are generated normally (Chen et al., 2005a (Chen et al., , 2005b Molyneaux et al., 2005) . Loss of subcerebral neurons in this mutant is accompanied by the expansion of a different population of projection neurons with callosal projection neuron properties (Chen et al., 2008) without overall loss of neurons, defective migration, or changes in cortical thickness . Although Fezf2 À/À mice are viable and motile , they are prone to develop seizures upon handling or exposure to auditory stimuli (unpublished data).
To determine whether the abnormal development of projection neurons in this mutant affects the distribution of cortical interneurons and whether specific subtypes of projection neurons play different roles, we first defined the nature of the CPN that replace subcerebral projection neurons in the Fezf2 À/À cortex. As expected, CTIP2, a marker of subcerebral projection neurons, was not expressed in mutant layer V . In contrast, TBR1, a marker of layer VI and layer II/III neurons, and SATB2, a protein important for CPN development, were both expanded (Chen et al., 2008; Molyneaux et al., 2005) and were coexpressed in a new population of projection neurons located in layer Vb (Figures S1G-S1P, available online). To determine whether these neurons project through the corpus callosum, we retrogradely labeled CPN of the mutant mice with FluoroGold (FG) injections in the contralateral hemisphere. Despite the fact that most CPN form Probst bundles (Pb), making their retrograde labeling inefficient, FG-labeled CPN were visible within layer V and coexpressed TBR1 and SATB2 ( Figures 1A-1E ). These data extend prior electrophysiological analysis and characterization of these neurons in chimeric mice by demonstrating that they project through the corpus callosum (Chen et al., 2008) . These CPN are distinct from the CPN of layer Va, which expressed SATB2 but not TBR1 (data not shown). To precisely define the subtype-specific identity of CPN in the mutant layer V, we analyzed the expression of three CPNspecific genes among several that were shown to label subpopulations of CPN in different layers (Molyneaux et al., 2009 (Figures 2A and 2B ). First, we quantified the number of GAD67-positive interneurons detected by in situ hybridization in motor, somatosensory, and visual cortex at P28 in wild-type and Fezf2 À/À littermates (n = 3 wt; n = 3
Fezf2
À/À
). The total number of GAD67-positive interneurons did not differ between wild-type and mutant cortices ( Figure 2C ), but the distribution of GAD67 interneurons was distinctly abnormal in the Fezf2 À/À mutant (Figures 2A and 2B To understand whether the reduced number of interneurons in layer V of the Fezf2 À/À cortex might reflect a smaller number of interneurons normally associated with CPN compared to subcerebral projection neurons, we quantified the number of GABA-positive interneurons surrounding these two projection neuron populations within wild-type layer V. We found significantly fewer interneurons associated with SATB2-expressing CPN in layer Va than with CTIP2-positive subcerebral projection neurons in layer Vb (n = 3; p value = 0.001) ( Figure S2 ). This suggests that the reduced percentages of interneurons observed in layer V of the mutant cortex are in line with a typically lower number of cortical interneurons distributed around deeplayer CPN. Together, these data indicate that upon reaching the cortex, interneurons require projection neurons in order to acquire proper lamination. Furthermore, given that in the Fezf2
there is a precise replacement of subcerebral projection neurons with CPN, these findings demonstrate that different types of excitatory projection neurons differentially affect the distribution of cortical interneurons.
Fezf2 -/-Mice Exhibit Unbalanced Cortical Activity due to Defective GABAergic Inhibition
To determine whether the observed changes in interneuron distribution result in unbalanced cortical activity and physiology, we used voltage-sensitive dye imaging (VSDI) (Grinvald and Hildesheim, 2004 ) to examine spatiotemporal dynamics of functional connections in the Fezf2 À/À mice. The spread of activity through coronal slices of the visual cortex in response to a current pulse delivered to the white matter was quantified. As expected, wild-type and Fezf2 +/À mice exhibited a strong response that propagated rapidly to the upper layers ''on beam'' with the stimulating electrode, spreading only weakly along the deep layers even at threshold stimulating strengths ( Figure 3B and Movie S1). In contrast, the response in Fezf2 À/À slices at threshold rarely reached the upper layers and remained largely confined to the lower layers (Figures 3A and 3C and Movie S2) . Maximum fluorescence intensity was quantified within two 125 3 125 mm 2 regions on-beam with the stimulating electrode, one in upper layers (Figures 3B and 3C; black box) and one in lower layers (Figures 3B and 3C ; white box). Input-output curves revealed an increase in upper-layer response with increasing stimulus intensity; however, the response failed to reach wildtype levels in the upper layers of Fezf2 À/À mice across all stimuli (Figures 3D and 3F) . Conversely, lower layer responses were consistently stronger in Fezf2 À/À mice compared to wild-type ( Figure 3F ). These differences were significant for both upper and lower layers at half-maximal stimulation (Figures 3E and 3G) . Physiological imbalance of excitation across cortical layers in Fezf2 À/À cortex may be explained by abnormal excitatory networks, altered inhibitory GABAergic interneurons, or both.
To distinguish among these possibilities, we performed VSDI measurements in the presence of the GABA A receptor antagonist bicuculline. Strikingly, the laminar differences between genotypes were eliminated under these conditions (Movies S3 and S4), indicating that the excitatory network scaffold is intact in the Fezf2 À/À mutant cortex. Taken together, an increased
GABAergic tone in the superficial layers of the mutant cortex (without defects in excitatory network function) provides physiological support for our histological findings that interneuron numbers are reduced in layer V and increased in upper layers II/III-IV of the Fezf2 À/À cortex.
Fezf2 Does Not Affect the Fate Specification of Cortical Interneurons
Defects of interneuron fate specification or tangential migration could account for abnormal lamination of interneurons. Therefore, we investigated whether Fezf2 plays a cell-autonomous role in the fate specification or migration of GABAergic interneurons in the ventral forebrain. We have previously reported that with the exception of a small area in the developing amygdala, Fezf2 is absent from the entire ventral telencephalon and is not expressed in the MGE and CGE, where cortical GABAergic interneurons are born (Rouaux and Arlotta, 2010) . In the dorsal telencephalon, Fezf2 is expressed in progenitors, and within the cortical plate at high levels in subcerebral projection neurons and at low levels in layer VI projection neurons (Chen et al., 2005a (Chen et al., , 2005b Molyneaux et al., 2005) . Here, we found that Fezf2 was also not expressed in interneurons within the cortex, as assessed by crossing GAD67::GFP mice with Fezf2 -/+ mice that carry a LacZ reporter gene at the Fezf2 locus. GFP-positive interneurons did not colocalize with b-galactosidase-and CTIP2-positive subcerebral neurons ( Figures S3A-S3F ). Accordingly, Mash1 and Nkx2.1, which normally control the specification of early-born interneuron progenitors in the MGE, and Lhx6, which labels their postmitotic interneuronal progeny, were unchanged in the mutant ( Figure S3G-S3L) . Similarly, COUP-TFII, which labels interneuron progenitors within the CGE, displayed comparable expression in wild-type and mutant mice ( Figures S3M and S3N ).
These data demonstrate that in the telencephalon Fezf2 expression is excluded from GABAergic interneurons and does not affect expression of genes that are critical for interneuron fate specification.
Subcerebral Projection Neurons Are Required for the Proper Distribution of SST-and PV-Expressing
Interneurons, but Not CR-Expressing Interneurons Despite the fact that cortical interneurons are heterogeneous and it is not currently possible to precisely associate specific interneuron subtypes with strict layer locations, it is known that early-born and SST-and PV-expressing interneurons preferentially populate the deep layers of the cortex (Butt et al., 2005; Cobos et al., 2006; Fogarty et al., 2007) , while mostly lateborn, CR-expressing interneurons are present in higher numbers in the superficial layers Nery et al., 2002; Xu et al., 2004) . To define whether the absence of subcerebral projection neurons affects the distribution of all interneurons equally or exerts selective control over interneuronal populations that normally occupy the same deep layers of the cortex, we investigated the distribution of SST-, PV-, and CR-expressing interneurons in the Fezf2 À/À mutant.
Given that the distribution of GAD67-positive interneurons was abnormal in layer V across all areas sampled, we concentrated our analysis on one representative area: the somatosensory cortex. First, we studied the distribution of SST-expressing interneurons, which in wild-type cortex are present in high numbers within layer V ( Figure 4A ) (P28; n = 3 wt; n = 3 Fezf2 À/À ). We found that the total number of SST-expressing neurons was unchanged in the mutant cortex compared to wild-type ( Figure 4C ). However, the typical laminar distribution of SST interneurons was strikingly altered in the mutant (Figures 4A and 4B) , with clear decreased percentages in layer V (bins 4-5) and increased percentages in layers II/III-IV (bins 6-10) (Figures 4D-4F) . PV-expressing interneurons also showed comparable, abnormal radial distribution (n = 3 wt; n = 3 Fezf2 À/À ). The percentage of PV-expressing interneurons in the somatosensory cortex at P28 was decreased in layer V and increased in upper layers II/III-IV, without a change in the total number of PV-positive interneurons (Figures 4G-4L ). In stark contrast to the abnormal distribution of SST-and PV-expressing interneurons, CR-expressing interneurons were not affected by the absence of subcerebral projection neurons and were distributed normally in the P28 Fezf2 -/-cortex (n = 3 wt; n = 3 Fezf2
These findings strongly suggest that distinct projection neuron subpopulations selectively and preferentially affect the distribution of cortical interneuron subtypes that are normally destined to populate the same cortical layers. (Figures S5A-S5E ). This strongly suggests that abnormal connectivity by CPN to contralateral targets is not sufficient to influence interneuron layer positioning. In addition, our VSDI data show that projection neurons in the mutant cortex were excitable, a finding supported by prior electrophysiological recordings (Chen et al., 2008) . Increased interneuron cell death could have also accounted for the reduced percentage of interneurons in Fezf2 -/-layer V (Cobos et al., 2006) . To investigate this possibility, we performed staining for FluoroJade-C, which broadly labels dying neurons, in wild-type (n = 3) and Fezf2 -/-(n = 3) cortex at P0, P7, and P14, by which time interneuronal abnormalities are distinctly evident (data not shown). There was no difference in the number of FluoroJade-C positive neurons in wild-type and mutant somatosensory areas at any of the ages sampled ( Figures S5F-S5J ). In addition, we did not detect any increase in Caspase-3 staining in GAD67-expressing interneurons (Figures S5K-S5N) . Together with the finding that the total number of interneurons is unchanged in the Fezf2 -/-cortex at P28, these data demonstrate that increased cell death did not account for the abnormal distribution of cortical interneurons in this mutant.
De Novo Generation of Corticofugal Projection Neurons Is Sufficient to Recruit Deep-Layer Cortical Interneurons to Ectopic Locations
Our loss-of-function data demonstrate that a fate switch between two populations of projection neurons leads to a change in the distribution of specific subtypes of interneurons. This suggests that signaling between projection neuron and interneuron subtypes may be a mechanism by which projection neuron classes instruct the recruitment of specific interneuron partners.
To investigate this possibility, we overexpressed Fezf2 by in utero electroporation in cortical progenitors at E14.5, a stage at which projection neurons of the superficial layers, mostly CPN, are generated. Elevated levels of Fezf2 in these late-stage neural progenitors instruct the heterochronic generation of virtually pure corticofugal projection neurons (including subcerebral projection neurons). As previously reported, Fezf2-induced corticofugal neurons did not migrate into the cortex, rather they developed in ectopic clusters below the corpus callosum and extended corticofugal axonal projections to the thalamus and the pons ( Figure S6C , arrow) . They also expressed TBR1, TLE4, and SOX5, markers of corticofugal projection neurons and CTIP2, which is expressed at high levels in subcerebral projection neurons (Figures S6B-S6E and S6G-S6P). None of the Fezf2-induced neurons expressed SATB2 or CUX1, molecular markers of CPN ( Figures  S6D, S6F , S6G, and S6Q-S6S). Therefore, overexpression of Fezf2 results in the generation of a new population of corticofugal projection neurons outside of (yet in close proximity to) the cortex.
We examined expression of GABA in these ectopic corticofugal neuron clusters to determine whether interneurons might be present within them. In contrast to contralateral matched locations, we found that many GABAergic interneurons invaded these aggregates (Figures 5B-5F ). This finding was confirmed using in situ hybridization to detect ectopic GAD67-positive cells ( Figure 5G-5H 0 ). We quantified the number of GABA-positive interneurons within each aggregate and normalized it to the area covered by the GFP-positive corticofugal neurons. Interestingly, the number of interneurons present directly correlated with the size of the aggregate ( Figure S7 ), suggesting that projection neurons recruit cortical interneurons in proportion to their own numbers.
Strikingly, ectopic corticofugal projection neurons appear to play an attractive role upon cortical interneurons in an in vitro migration assay ( Figure S8 ). Fezf2 was electroporated in utero in cortical progenitors at E14.5 as described above, and the induced clusters of corticofugal neurons were microdissected at E18.5 and cultured in proximity to explants of MGE from E12.5 Lhx6-GFP positive embryos ( Figure S8D ). As controls, we cultured E12.5 MGE explants alone (Figure S8A ). As expected, control MGE explants displayed unbiased outgrowth of GFP-positive interneurons in all directions around the explant (Figures S8B and S8C ). In contrast, interneurons showed polarized migration toward the cluster of Fezf2-expressing corticofugal neurons ( Figures S8E and  S8F ). This indicates that experimentally generated corticofugal neurons can attract cortical interneurons, a finding in agreement with the demonstration that cortical plate neurons attract interneurons in a similar in vitro assay (Ló pez-Bendito et al., 2008) .
We then asked whether the ectopic clusters of corticofugal neurons recruit interneurons that are characteristic of the deep layers of the cortex. Remarkably, many Lhx6-positive and SST-positive interneurons, which normally populate primarily the deep cortical layers, were found within the corticofugal neuron aggregates ( Figures 6A-6D 0 ). In contrast, NPY-expressing interneurons, normally restricted to the superficial layers, were not present in these clusters ( Figures 6G-6J) . Similarly, VIP-expressing interneurons, which show a less restricted, yet still preferential distribution in the upper layers, were only present in very low numbers, likely corresponding to those normally located in the deep layers ( Figures 6E and 6F 0 ). Remarkably, Reelin, a gene that among interneurons labels those located in layers II/III and Va (Alcá ntara et al., 1998), was absent from the corticofugal neuron aggregates (Figures 6K-6O ). Together with our loss-of-function data, these gain-of-function results support a model by which deep-layer corticofugal projection neurons selectively affect the distribution of interneuron subtypes that normally localize to the same layers.
Ectopically Positioned Upper-Layer II/III Callosal Projection Neurons Can Recruit Cortical Interneurons
The ability to recruit interneurons could be a unique property of deep-layer corticofugal projection neurons or might be applicable, more broadly, to other types of projection neurons. To investigate this possibility directly, we experimentally induced ectopic clusters of layer II/III callosal neurons and tested their ability to affect interneuron positioning. It has previously been shown that knockdown of the b-Amyloid Precursor Protein (APP) gene in rat cortical progenitors results in arrested migration of projection neurons (Young-Pearse et al., 2007) . We took advantage of this system to focally arrest layer II/III CPN below the corpus callosum (Figure 7) .
A construct carrying an APP shRNA (referred to as U6-APP shRNA-2) was electroporated in utero together with a reporter CAG-GFP construct at E14.5, when upper-layer CPN are generated. Mice were sacrificed at P6, by which time distinct clusters of neurons were visible below the corpus callosum ( Figure 7C ). The location of these clusters corresponded precisely to that of Fezf2-induced corticofugal neuron aggregates. As expected, the ectopic neurons expressed SATB2 and CUX1 and did not express CTIP2 ( Figures 7C-7E and data not shown), confirming that they differentiated appropriately into upper-layer CPN. GABA immunocytochemistry on these CPN clusters (highlighted by the expression of SATB2) showed the distinct presence of GABA-positive interneurons within the aggregates, compared to matched positions in the contralateral hemisphere (n = 9; Figures 7B-7F) . The experiment was also performed in the rat with identical results (n = 3; data not shown). These results demonstrate that layer II/III CPN are also able to recruit interneurons and further support a model by which projection neurons are generally able to affect interneuron lamination.
Projection Neurons Recruit Interneurons that Are Appropriate for Their Projection Neuron SubtypeSpecific Identity and Not Strictly Their Birthdate It is intriguing that cortical projection neurons and interneurons that are synchronically born preferentially populate the same cortical layers (Fairé n et al., 1986; Miller, 1985; Peduzzi, 1988; Pla et al., 2006; Valcanis and Tan, 2003) . Early-born (peak at E13), largely MGE-derived interneurons localize in deep layers, whereas late-born (peak at E15), largely CGE-derived interneurons occupy superficial layers (Fairé n et al., 1986; Peduzzi, 1988; Pla et al., 2006) . Our finding that ectopic corticofugal projection neurons specifically recruit large numbers of Lhx6-and SST-expressing deep-layer interneurons despite being born synchronically with superficial-layer CPN led us to investigate whether the projection neuron-type identity, rather than strictly the projection neuron birthdate, affects the choice of interneurons recruited.
We examined whether the Fezf2-induced corticofugal projection neurons heterochronically generated two days after the bulk production of endogeneous corticofugal neurons has ended preferentially recruit interneurons that are appropriate for their projection neuron-type identity (i.e., interneurons born at E12-E13) or, rather, interneurons appropriate for their heterochronic day of birth (i.e., interneurons born the day of the electroporation, at E14.5). In complementary experiments, we investigated whether upper-layer II/III CPN that were synchronically born with Fezf2-induced corticofugal neurons at E14.5 and that were similarly positioned below the corpus callosum (due to APP knockdown), recruited interneurons born at the same time.
In separate animals, we administered BrdU to timed-pregnant females at either E12.5 or E14.5, combined with either Fezf2 overexpression or APP downregulation in cortical progenitors at E14.5 ( Figure 8A ). Mice were sacrificed at P6. Quantification of BrdU-labeled, GABA-positive interneurons showed that heterochronic, late-born corticofugal projection neurons preferentially recruited interneurons that were born early, at E12.5 ( Figures 8A and 8C-8H ). These are appropriate for the deeplayer identity of the corticofugal projection neurons generated, but not for their heterochronic experimental birthdate (E14.5). In agreement with the E14.5 experimental birthdate of the corticofugal projection neurons, neuronal aggregates contained high numbers of E14.5 Brdu-labeled, GABA-negative projection neurons ( Figure 8H ). Confirming the specificity of this effect, we found that upper-layer II/III CPN populations born the same day as the experimentally generated corticofugal neurons specifically attracted late-born interneurons ( Figures 8A and  8I-8N ). This is noteworthy, since in this experimental system, corticofugal neurons and layer II/III CPN shared the same day of birth and were similarly located below the cortex, giving them access to comparable pools of cortical interneurons.
To determine whether the relative distribution of early-and late-born interneurons found in these aggregates corresponded to the distribution normally present in the deep or superficial layers of the cortex, we quantified the number of E12.5-and E14.5-born interneurons within the deep and superficial layers overlying the aggregates. Strikingly, Fezf2-corticofugal aggregates had similar relative proportions of early-and late-born interneurons as found in the deep layers of the cortex ( Figures  8A and 8B) . In a complementary trend, APP shRNA-layer II/III CPN showed the same distribution of early-and late-born interneurons as present in the superficial layers ( Figures 8A and 8B) . We conclude that cortical projection neurons select interneuron partners that are appropriate for their specific projection neuron identity and not strictly based on synchronic birthdates.
DISCUSSION
A prominent trait of the mammalian cerebral cortex is its complex cellular architecture, which relies on the development of a diversity of neurons extensively interconnected into functional networks. Cortical excitation and inhibition are executed by highly heterogeneous populations of glutamatergic excitatory projection neurons and GABAergic inhibitory interneurons, respectively. The establishment of correct reciprocal positioning and interactions between these two broad neuronal classes is very important for balanced electrical activity and normal cortical function. Here, we demonstrate that projection neuron subtypes are necessary to determine the laminar location of their selected interneuron partners, a process that is critical for the development of the local inhibitory microcircuitry.
Projection Neurons Control Interneuron Positioning in the Cerebral Cortex
Many factors have the potential to affect the laminar localization of interneurons, including interneuron fate-specification and tangential and radial migration. The difficulty of uncoupling cell-intrinsic determinants of interneuron development from cell-extrinsic guidance by the environment of the cortex has constrained studies aimed at defining the roles of projection neurons in this process. Our finding that loss of Fezf2 does not affect the birth or ventral migration of interneurons indicate that projection neurons are cell-extrinsically required for the normal lamination of cortical interneurons.
These findings are consistent with observations made for the reeler mouse, in which cortical projection neurons are abnormally distributed in the cortex and interneurons have defective radial distribution (Hevner et al., 2004; Pla et al., 2006; Yabut et al., 2007 ). This conclusion is also supported by our gain-offunction experiments, showing that projection neurons are sufficient to recruit appropriate interneurons to ectopic locations. It is remarkable that both clusters of corticofugal and callosal projection neurons that were generated ectopically are populated by GABAergic interneurons, indicating that the ability to recruit GABAergic interneurons may be a general property of all projection neuron subpopulations of the cortex.
Mechanistically, projection neurons might affect interneuron positioning in different ways, by attracting, arresting, or stabilizing them at specific locations, for example. In addition, the role of projection neurons over interneuron lamination could be strictly local or also rely on population-level contributions. In the future, it will be important to investigate these mechanistic questions.
Distinct Types of Projection Neurons Uniquely Affect Interneuron Lamination
Within the broader role of projection neurons in cortical interneuron lamination, it is an open question whether individual subtypes of projection neurons provide interneurons with different signals. The Fezf2 mutant cortex provides a first model with which to directly address the function of projection neuron subtypes. In this mutant, CPN cannot compensate for subcerebral projection neurons in the recruitment of appropriate numbers of SST and PV interneurons despite the fact that CPN are normally present within wild-type layer V, where both SST and PV interneurons are located. This could be due to different mechanisms of interneuron sorting used by subcerebral projection neurons compared to CPN, a possibility supported by our finding that CPN of layer V are normally surrounded by fewer interneurons. It is also possible that they interact with different subpopulations of SST and PV interneurons. Indeed, it is well known that both SST and PV populations are very diverse at the cytological, electrophyisiological, and molecular levels Markram et al., 2004) . The implications of these findings therefore extend beyond the conclusion that different layers produce different signals and argue that even within the same layer not all projection neuron subtypes act identically.
SST-and PV-Positive Interneurons Are Specifically Affected in the Fezf2 Null Mutant
The classification of cortical interneuron subtypes is extremely complex (Ascoli et al., 2008) . Within the limits of their current classification, it is known that MGE-derived, early-born SSTpositive and PV-positive interneurons preferentially populate the deep layers of the cortex, whereas CR-positive, late-born interneurons are mostly found in the superficial layers. Here, we find that SST-and PV-positive populations are sensitive to the absence of subcerebral projection neurons, but CR-positive interneurons are unaffected.
Given that cell-cell interactions typically rely on the expression of complementary sets of molecules by the cells involved, it follows that subtypes of interneurons might express different surface molecules, which enable them to respond differently to projection neurons. Intriguingly, this may explain why a recently identified population of Reelin-positive CGE-derived interneurons preferentially locate within the upper layers even if they are born early, at E12.5 . These early-born CGE-derived interneurons might not be molecularly capable of responding to arrest signals provided by deep-layer projection neurons and are exclusively sensitive to cues presented by superficial-layer projection neurons. Indeed, our ectopic, deeplayer corticofugal neurons do not recruit these early-born Reelin-positive interneurons.
The data support a model of selective interaction among projection neuron and interneuron subtypes, a conclusion in agreement with our gain-of-function results that Lhx6-and SST-positive interneurons are recruited by corticofugal neurons, while VIP-, NPY-, and Reelin-positive interneurons of the superficial layers are not. Taken together, these data offer a picture of the striking precision with which different subtypes of projection neurons can affect the radial distribution of selected classes of interneurons.
Cortical Projection Neurons Selectively Recruit Local
Interneurons Based on Subtype-Specific Identity Rather Than Strictly by Birthdate Projection neurons and interneurons that share similar birthdates preferentially populate the same cortical layers (Fairé n et al., 1986; Miller, 1985; Pla et al., 2006; Valcanis and Tan, 2003) . This may be explained by different mechanisms, including the possibility that pairing of synchronically-born projection neurons and interneurons relies on the expression of complementary molecules, which may have evolved to ensure the coordinated positioning of populations born at the same time. Should this model be correct, the ''molecular identity'' of projection neurons would affect interactions with the correct types of interneurons.
We tested this hypothesis by changing the birthdate of a projection neuron subpopulation, without affecting its molecular identity. We demonstrate that the ectopic generation of deep-layer corticofugal projection neurons at the wrong time (when superficial layer neurons are normally born) is sufficient to preferentially recruit early-born interneurons, which are appropriate for the deep-layer identity of the projection neurons and not for their experimentally imposed time of birth. This finding is reinforced by the fact that the recruited interneurons expressed Lhx6 and SST. Notably, this selection-based mechanism of differential interneuron sorting is supported by the data that layer II/III CPN born at the same time as the Fezf2-induced corticofugal neurons (and occupying similar subcortical locations) select late-born interneurons, as is appropriate for their upper-layer CPN identity.
This implies that the pairing into circuitry of cortical projection neuron and interneuron partners might be ''preprogrammed'' during early stages of fate-specification of each neuron type, possibly days before interneurons acquire their final position in the appropriate cortical layers. This study provides a new conceptual framework for exploration of the mechanisms controlling subtype-specific interactions between selected populations of projection neurons and interneurons. Future strategies to identify the molecular mechanisms controlling precise laminar positioning of interneurons may require the purification and molecular comparison of the correct subtypes of ''interacting'' projection neurons and interneurons.
Understanding the developmental events that regulate subtype-specific interactions between projection neurons and interneurons in the cerebral cortex will provide further insights into the basic developmental processes that establish the local cortical microcircuitry (Hensch, 2005) and may inspire tools with which to modulate these circuits in epileptic and psychiatric diseases.
EXPERIMENTAL PROCEDURES Mice
Fezf2
À/À mice were generated by Hirata and colleagues (Hirata et al., 2004 ).
GAD67::GFP mice were generated by Yanagawa and colleagues (Tamamaki Neuron et al., 2003) . Timed-pregnant CD-1 mice for in utero electroporation were from Charles River Laboratories (Wilmington, MA). Lhx6-GFP BAC transgenic mice were from GENSAT (Gong et al., 2003) . SV129S1/SvImj strain mice were from Jackson Laboratories (Bar Harbor, ME). The day of the vaginal plug was designated embryonic day 0.5 (E0.5). The day of birth was designated postnatal day 0 (P0). All mouse studies were approved by the Massachusetts General Hospital IACUC and were performed in accordance with institutional and federal guidelines.
Retrograde Tracing
Mice were injected with FG in the contralateral cortex at P2 as previously described . Pups were deeply anesthetized at P6 before perfusion and collection of the brain for immunocytochemistry.
Immunocytochemistry, In Situ Hybridization, and Cresyl Violet Staining Brains for immunocytochemistry were processed as previously described Macklis, 1993) . Primary antibodies and dilutions are detailed in the Supplemental Information. Appropriate secondary antibodies were from the Molecular Probes Alexa series. Biotinylated secondary antibodies were used with standard avidin-biotin-diaminobenzidine visualization according to the manufacturer protocol (Vector Laboratories, Burlingame, CA). Cresyl violet staining was processed as previously described Macklis, 1993) . Fluorojade-C (Histo-Chem Incorporation, Jefferson, AR) staining was performed according to (Schmued and Hopkins, 2000) . Nonradioactive in situ hybridization and combined in situ hybridization with immunocytochemistry were performed following published methods (Tiveron et al., 1996) . Riboprobes were generated as previously described . cDNA template clones are detailed in the Supplemental Information.
Cell Quantification
For quantification of interneurons, anatomically matched sections were processed to detect Gad67, SST, PV, and CR (n = 3 Fezf2 À/À ; n = 3 wildtype, eight to ten hemispheres per area, for each mouse at P28). Boxes of 300 pixels in width and spanning the thickness of the cortex were superimposed at matched locations on each section and divided into ten equally sized bins. Interneurons were quantified in each bin, and bin-distribution was defined as the percentage of interneurons in each bin relative to the total number of interneurons. A priori criteria were defined for analysis. Quantification of interneuron-projection neuron ratio within layer V and of SST-positive interneurons in the SV129S1/SvImJ strain was done as detailed in the Supplemental Information. For cell death quantification, anatomically matched sections spanning somatosensory cortex from littermates were processed for FluoroJade-C staining (P0, P7, and P14) and for Caspase-3 immunocytochemistry (P14). All counts were performed by an investigator who was blinded to genotype. All results are expressed as the mean ± standard error of the mean (SEM) and the paired, two-tailed t test was used for statistical analysis.
Voltage-Sensitive Dye Imaging
Mice were decapitated under brief isoflurane anesthesia, and the brains processed as detailed in the Supplemental Information. A stimulating pulse (1 ms) was delivered through an ACSF-filled patch pipette to the white matter in V1. The resultant change in emitted dye fluorescence, corresponding to a change in membrane potential, was recorded with a MiCam Ultima (Brain Vision, SciMedia) camera (at 1 frame/ms). Changes in fluorescence were averaged across ten 512 ms trials. Regions of interest (125 3 125 mm 2 ) in the upper (150 mm below the pia) and lower layers (300 mm above the white matter) ''on beam'' with the stimulating electrode were analyzed for maximum change in intensity normalized to the resting intensity (DF/F).
In Utero Electroporation
The Fezf2 GFP and Ctl GFP constructs and conditions for in utero electroporation were described previously Saito and Nakatsuji, 2001) and are detailed in the Supplemental Information. Similar conditions were used to inject and electroporate the U6-APP shRNA-2 construct (Young-Pearse et al., 2007). For APP-shRNA electroporations, 0.5 mg/ml of CAG-GFP vector was coeletroporated. Injected embryos were collected for analysis and tissue processing at P5-P6.
In Vitro Migration Assay E12.5 MGE from Lhx6-GFP mice were microdissected and cultured in threedimensional matrigel matrix (Becton Dickinson, Billerica, MA) either alone or in close proximity to Fezf2-expressing corticofugal neuron aggregates microdissected at E18.5. Migration of interneurons toward the Fezf2-expressing explants was quantified as detailed in the Supplemental Information.
BrdU Birthdating
Timed pregnant CD-1 females received one intraperitoneal injection of BrdU (50 mg/kg) as previously reported (Magavi et al., 2000) . Birthdating of interneurons within experimental neuronal aggregates was done by counting the firstgeneration BrdU-positive cells that coexpressed GABA and were localized within each aggregate. The percentages of first-generation, Brdu-and GABA-positive interneurons in the deep and superficial layers of the overlying cortex were quantified by the same methods.
SUPPLEMENTAL INFORMATION
Supplemental Information includes eight figures, Supplemental Experimental Procedures, and four movies and can be found with this article online at doi:10.1016/j.neuron.2011.01.015.
